To identify the mechanisms that cause monocyte localization in infarcted myocardium, we studied the impact of ischemia-reperfusion injury on the surface expression and function of the monocyte fibronectin (FN) receptor VLA-5 (α 5 β 1 integrin, CD49e/CD29). Myocardial infarction was associated with the release of FN fragments into cardiac extracellular fluids. Incubating monocytes with postreperfusion cardiac lymph that contained these FN fragments selectively reduced expression of VLA-5, an effect suppressed by specific immunoadsorption of the fragments. Treating monocytes with purified, 120-kDa cell-binding FN fragments (FN120) likewise decreased VLA-5 expression, and did so by inducing a serine proteinase-dependent proteolysis of this β 1 integrin. We postulated that changes in VLA-5 expression, which were induced by interactions with cell-binding FN fragments, may alter monocyte migration into tissue FN, a prominent component of the cardiac extracellular matrix. Support for this hypothesis came from experiments showing that FN120 treatment significantly reduced both spontaneous and MCP-1-induced monocyte migration on an FN-impregnated collagen matrix. In vivo, it is likely that contact with cell-binding FN fragments also modulates VLA-5/FN adhesive interactions, and this causes monocytes to accumulate at sites where the fragment concentration is sufficient to ensure proteolytic degradation of VLA-5.
Introduction
Leukocytes promptly infiltrate formerly ischemic myocardium upon reperfusion (1) . Although this inflammatory response may injure myocardial cells that would otherwise survive the ischemic episode (2) , it also has a reparative function (3, 4) . Suppression of this host response impairs scar formation and may result in the formation of ventricular aneurysms (5) (6) (7) (8) . Neutrophils initially predominate after reperfusion (9, 10) , but the proportion of monocytes in these infiltrates increases progressively with time (11) . These tissue-infiltrating monocytes are most directly implicated in the repair process (12) (13) (14) . Monocyte-derived macrophages provide agents such as PDGF (15) , TNF, acidic fibroblast growth factor (12) (13) (14) , TGF-β (16) (17) (18) , and other factors that help to promote the formation of new blood vessels, fibroblast proliferation, and the production of collagen and other extracellular matrix proteins (19) .
The sequential release of 3 chemoattractive agentsC5a, TGF-β 1 , and monocyte chemoattractant protein-1 (MCP-1) -by reperfused myocardium ensures that monocytes are attracted to the damaged heart tissue for up to 24 hours after blood flow is reestablished (11) .
Although these agents can induce monocyte migration across endothelial barriers (11) , it is not clear what causes their accumulation in sites containing infarcted myocardium. The present study identifies a novel mechanism for regulating monocyte trafficking in injured tissues. Specifically, our results show that monocyte-tissue matrix interactions are partially regulated by modulating the quantity of the fibronectin (FN) receptor VLA-5 (CD49e/CD29) displayed on the monocyte surface (20) .
The background for this research was provided by previous studies that examined the inflammatory response effects on tissue FN (21, 22) . These studies suggested that inflammation produces proteolytic enzymes that cleave FN, thereby releasing FN fragments containing cryptic binding sites for VLA-5 (23) . Within a narrow dose range, these FN fragments stimulate monocyte chemokinesis (24) and chemotaxis (21, 23) . These studies also reported that high concentrations of FN fragments are not chemotactic (23) . Indeed, they may actually interfere with FN-dependent adhesive interactions (25) .
In our study, reperfusion of ischemic myocardium released diverse FN fragments into cardiac extracellular Fibronectin fragments modulate monocyte VLA-5 expression and monocyte migration fluids. Cell-binding FN fragments released under these circumstances induced the proteolysis of monocyte cellsurface VLA-5. This process appeared to be mediated by serine proteases activated in the course of the response to myocardial injury.
Methods
Reagents. Preservative-free heparin was obtained from Apothecon (Princeton, New Jersey, USA). BSA, LPS (Escherichia coli serotype 0127:B8), glucose, 2-deoxyglucose, sodium azide, ovalbumin, CdCl 2 , bestatin, 1,10-phenanthroline, PMSF, and EGTA were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA). Disodium EDTA was purchased from Fisher Scientific Co.
(Pittsburgh, Pennsylvania, USA). Trasylol (aprotinin injection) was purchased from Miles Inc. (Elkhart, Indiana, USA). Native human plasma FN, the 120-and 40-kDa fragments of human plasma FN (FN120 and FN40, respectively), gly-arg-gly-asp-asn-pro (GRGDNP) peptide, gly-arg-gly-glu-ser-pro (GRGESP) peptide, Dulbecco's 10× PBS (DPBS), HBSS, and RPMI-1640 were all purchased from GIBCO BRL (Gaithersburg, Maryland, USA). FBS was purchased from HyClone Laboratories (Logan, Utah, USA). U937 cells were from the American Type Culture Collection (Rockville, Maryland, USA).
Endotoxin testing was performed using the Limulus amebocyte assay (Associates of Cape Cod, Falmouth, Massachusetts, USA), which can detect as little as 0.03 U/mL. Animal experiments. The canine model has been described previously (11, (26) (27) (28) . Briefly, under general anesthesia, a hydraulic occluder is placed proximal to the first branch of the circumflex coronary artery, and the major cardiac lymph duct is cannulated. Three days later, again under general anesthesia, the occluder is inflated for 1 hour and then deflated to permit reperfusion. Ischemia is monitored by electrocardiography, by a Doppler flow probe previously implanted distal to the occluder, and by estimating regional myocardial blood flow (measured using the reference sample method with radiolabeled microspheres injected into the arterial circulation) (28) . Significant ischemia was defined as a more than 80% reduction in regional myocardial blood flow when compared with the preocclusion value; infarction was generally evident in segments where regional myocardial blood flow was reduced to this extent (11) . Some dogs do not develop significant ischemia, presumably because of collateral circulation. These dogs served as nonischemic controls.
Blood and lymph processing. Blood and cardiac lymph were collected into polypropylene tubes containing preservative-free heparin (10 U/mL) for immunofluorescence and flow cytometric studies. For immunoblotting, collection tubes contained aprotinin (200 kallikrein-inhibitor units/mL) PMSF (1 mM), and EDTA (0.15%). To study the effects of lymph FN and its fragments on monocyte VLA-5 expression, lymph -collected 5 hours after reperfusion from 3 dogs -was collected without protease inhibitors. All lymph samples were promptly centrifuged to remove cells, and then were flash frozen and stored in liquid nitrogen. To remove FN selectively from lymph samples, 75-µL aliquots were passed sequentially 4 times (for >1 hour each) into the wells of an Immobilon 2 plate (Dynatech Laboratories Inc., Chantilly, Virginia, USA) that had been coated with a 1:500 dilution of rabbit antihuman FN Immunohistology. Tissue samples were processed for histological examination as described previously (11, 31) . Tissue samples were selected for analysis based on measurements showing that their regional myocardial blood flow during occlusion was less than 20% of the preocclusion measurement; control tissues retained the same preocclusion blood flow throughout the experiment. Fixed, paraffin-blocked tissues were sectioned serially at 2-4 µm. These were stained with routine reagents or deparaffinated, and then hydrated in PBS and treated alternatively with the AM-3K anti-monocyte/macrophage mAb (30) and VLA-5-specific antibodies.
To identify the conditions in which AM-3K + cells retain the ability to react with anti-VLA-5, sections were first incubated with AM-3K and then with an alkaline phosphatase-conjugated secondary antibody and alcoholsoluble fast red substrate. Then we incubated these same tissue sections with the rabbit anti-α 5 antibody (AB1928P; Chemicon International) followed by peroxidase-conjugated sheep anti-rabbit immunoglobulin and an alcohol-insoluble orange substrate (32) . Sections were then counterstained with hematoxylin. After capturing the images of the dual-stained cells in these sections, the coverslips were removed, and the fast red chromogen associated with the AM-3K mAb was removed with absolute alcohol. The same sections were photographed again to determine whether cells stained with AM-3K retained any orange stain, indicative of a reaction with the VLA-5-specific antibody.
Immunofluorescence. Two sources of phycoerythrin-conjugated anti-CD14 were used to identify monocytes: clone 116 for human cells, and TÜK4 for canine monocytes. Leukocytes were analyzed by flow cytometry on an Epics Profile I (Coulter Electronics Ltd.) the day of the experiment. The fluorescence intensity log values obtained from cells stained with control isotype mouse IgG were subtracted from each sample stained with specific antibody. Quantitative flow cytometry was performed using the Quantum Simply Cellular Microbeads kit (Sigma Chemical Co.), which contains 4 bead populations that each bind different predetermined numbers of antibodies per bead. After excitation, the light emitted by these beads provides a standard curve that allows measurement of instrument performance and, by interpolation, the number of molecules bound per cell in an unknown sample.
Cell preparation. Heparinized human blood, which was obtained from healthy donors under protocols approved by the institutional review boards of Baylor College of Medicine and the Houston Veterans Affairs Medical Center, was centrifuged through Ficoll-Hypaque gradients (lymphocyte separation medium; Organon Teknika) to harvest mononuclear leukocytes (MNLs). We also isolated MNLs enriched for monocytes (84 ± 2% monocytes with 10% lymphocytes and <2% granulocytes) by countercurrent flow elutriation. Monocytes elutriated at 4°C become activated upon rewarming (33) ; as a result, elutriated cells express very little VLA-5 when subsequently cultured for 30 minutes at 37°C. Therefore, elutriated cells were routinely cultured overnight at 37°C in polypropylene tubes (to prevent adherence), after which they reexpressed normal levels of VLA-5.
Effect of FN fragments on VLA-5. Lyophilized FN fragments were dissolved in pyrogen-free DPBS and added to heparinized whole blood at various concentrations. After dose-response and kinetic analyses were completed, we commonly used 0.5 nmol (60 µg) of FN120 per 10 6 cells for investigating the effects of cell-binding FN fragments on suspensions of monocytes or U937 cells. For matrix interaction assays, cells were washed after treatment with FN fragments. All incubations of blood, isolated MNLs or U937 cells with FN fragments, cardiac lymph, or polymerized collagen matrices were carried out at 37°C in humidified air containing 5% CO 2 .
Matrix interaction assay. We allowed 500 µL of 50% soluble collagen (Vitrogen 100; Collagen Corp., Palo Alto, California, USA) to polymerize in each well of a 24-well plate (Corning-Costar Corp., Acton, Massachusetts, USA). We incorporated 20 µg/mL native FN or an equal concentration of laminin (GIBCO BRL) into some of the collagen pads. Alternatively, collagen with or without 20 µg/mL of FN was polymerized in tissue culture inserts floored with 0.4-µm pore filters. MNLs or elutriated monocytes were treated with 2 µM FN120 or DPBS for 90 minutes at 37°C, and the fluorescent supravital dye 5-chloromethylfluorescein diacetate (CellTracker Green; Molecular Probes Inc., Eugene, Oregon, USA) was added for the last 30 minutes. The MNLs were washed once with DPBS and allowed to migrate into the collagen at 37°C, either without stimulus or in response to 120 ng/mL of recombinant MCP-1 (R&D Systems Inc., Minneapolis, Minnesota, USA) placed in the chamber below the collagen pad as described (34) . After 4 hours, the surface of the pad was washed to remove nonadherent MNLs. The polymerized collagen was then dissolved with collagenase (34) adhered to or migrated into the collagen were collected by centrifugation, incubated with phycoerythrin-conjugated anti-CD14 (clone 116) to distinguish the migratory monocytes from other CellTracker Green-labeled MNLs, and then counted by flow cytometry.
Immunoprecipitation and immunoblotting. 10 7 untreated cells or 10 7 FN120-treated cells were lysed for 45 minutes on ice in 1 mL 1% Triton X-100 buffer. The preparation was centrifuged at 7,500 g for 30 minutes at 4°C, and then cleared for 2 hours at 4°C with protein A (Sigma Chemical Co.) coupled to rabbit anti-mouse IgG (Organon Teknika Corp.). Proteins reactive with specific antisera were collected by overnight incubation with protein A-agarose beads (Roche Molecular Biochemicals, Indianapolis, Indiana, USA). The beads were subsequently washed with 1% Triton X-100 buffer and boiled in sample buffer. Eluted proteins were separated by SDS-PAGE under reducing conditions (35, 36) . Proteins in cardiac lymph (diluted 1:20) and cell culture supernatants were fractionated on gradient electrophoresis gels (4-15% Tris-glycine Ready Gels; Bio-Rad Laboratories Inc., Hercules, California, USA). Nitrocellulose blots of the separated proteins were incubated overnight with antibodies and then exposed to horseradish peroxidase-conjugated second antibody for 1 hour before development with 4-chloro-1-naphthol.
For radioimmunoprecipitation, treated and untreated U937 cells (as above) were surface iodinated with 0.5 mCi 125 I by the lactoperoxidase method (37) , and then lysed and processed as above. In this case, SDS-PAGE was performed in 11.25% polyacrylamide gels and autoradiography was performed on Kodak X-OMAT film (Eastman Kodak Co. Scientific Imaging Systems, New Haven, Connecticut, USA). To identify the proteins that may be released from the surface of radioiodinated U937 cells, 10 7 were cultured in serum-free RPMI-1640 for 48 hours. The supernatants were then collected, precleared, immunoprecipitated, fractionated on 10% polyacrylamide gels, and then autoradiographed.
Statistics. Descriptive statistics included the arithmetic mean and SEM. Comparisons were done using Student's t test or ANOVA with a significance level of 5%. In some Figures, single experiments are used to illustrate results of at least 4 experiments that had the same outcome.
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Figure 2
Serial sections of ischemic myocardium collected 3 hours after reperfusion (a-c) and 5 hours after reperfusion (d-f). Control, nonischemic myocardium, documented by regional myocardial blood flows (g-i). Sections a, d, and g are stained with periodic acid-Schiff to demonstrate the presence of glycogen in normally perfused myocardium (g) and the absence of this substance in infarcted myocardium (a and d). Sections b, e, and h were stained with the AM-3K macrophage-specific antibody, and sections c, f, and i were stained for VLA-5. Note that 3 hours after reperfusion, monocytoid cells remain VLA-5 + for the most part, but after 5 hours, no VLA-5 + cells can be found in ischemic myocardium rich in AM-3K + macrophages. In the control tissue, the few monocytes/macrophages present stain for VLA-5. Scale bar: 100 µm.
Results

VLA-5 on monocytes released into cardiac lymph after reperfusion.
The frequency of VLA-5 + monocytes in cardiac lymph progressively declined 3 or more hours after reperfusion. Figure 1 shows representative data from a single dog with significant myocardial ischemia. In 4 additional animals with significant myocardial ischemia, the frequency of CD14 + monocytes in cardiac lymph expressing any detectable VLA-5 decreased to 25%, 54%, 25%, and 8% of preocclusion values. Analysis of the combined data from these 5 animals indicated that the decline in VLA-5 + monocytes in the lymph after reperfusion was statistically significant (P = 0.01). These changes were particularly notable because, in this same model of ischemia-reperfusion injury, we had previously observed that the concentration of monocytes, as a fraction of cardiac lymph leukocytes, progressively increased during this interval. Indeed, within 5 hours after reperfusion, monocyte concentrations in cardiac lymph eventually reach, or even exceed, the concentration of neutrophils (11) . The fraction of VLA-5 + monocytes in the blood, as well as the numbers of VLA-4 + (α 4 β 1 integrin, CD49d/CD29) monocytes in both cardiac lymph and blood, remained unchanged after reperfusion, as shown in a representative experiment in Figure 1 . Therefore, monocyte VLA-5 decreased only on monocytes that ended up in the cardiac lymph; this effect was seen only in animals that experienced significant myocardial ischemia. There were no changes in the frequency of VLA-5 + or VLA-4 + monocytes in lymph or blood of animals who, because they had good collateral circulation, failed to experience myocardial ischemia.
VLA-5 expression on canine mononuclear cells infiltrating the heart. Three hours after reperfusion, AM-3K + macrophages were abundant in infarcted myocardium (Figure 2 , a-c); serial sectioning suggested that these same areas of infarcted myocardium also contained many VLA-5 + MNLs. By 5 hours after reperfusion, however, we no longer found leukocytes reactive with anti-VLA-5 in myocardium containing AM-3K + macrophages (Figure 2, d-f ). In control tissues (myocardium that retained normal regional myocardial blood flow during ischemia), areas containing AM-3K + macrophages also contained VLA-5 + cells (Figure 2, g-i) .
Because it was often difficult to find the same monocyte/macrophage in adjacent sections, we could not determine whether specific AM-3K + macrophages also expressed VLA-5. Therefore, we treated the same sections with both antibodies, using different secondary antibodies and distinctive chromogens to identify the respective sites of localization of AM-3K and anti-VLA-5-specific antibodies (Figure 3) . We found that AM-3K + cells infiltrating cardiac tissue generally expressed VLA-5 at 3 hours after reperfusion ( Figure 3, a and b) . But AM-3K + macrophages no longer expressed VLA-5 at 3 hours after reperfusion ( Figure 3, c and d) .
FN fragments in lymph. Because VLA-5 is a receptor for immobilized FN and some of FN's proteolytic fragments (38), we postulated that FN fragments -released during the inflammatory response to ischemic injury -might bind to VLA-5 on monocytes traversing the infarcted myocardium, therefore blocking cell-surface attachment of VLA-5-specific mAb's. After reperfusion, we found that extracellular fluids from ischemic myocardium contained increasing quantities of FN fragments (Figure 4a) . At 5 hours, the concentration of FN120 in cardiac lymph was 1.5 mg/mL (12.5 µM). In lymph from dogs (with good collateral circulation) that failed to develop significant regional myocardial ischemia, FN remained in the intact, high-molecular-weight form (Figure 4b) .
Cell-binding FN fragments modulate monocyte VLA-5 expression in vitro. We incubated heparin-anticoagulated peripheral blood at 37°C for 90 minutes, either with the 120-kDa VLA-5-binding FN fragment (FN120) or with a 40-kDa gelatin-binding fragment (FN40) that does not interact with VLA-5 (39). FN120 reduced VLA-5 in a dose-dependent manner; FN40 had no such effect (Figure 5a) . Figure 5b shows the change in monocyte VLA-5 fluorescence intensity induced by FN120 treatment.
Incubation with FN120, but not with equimolar concentrations of native plasma FN, significantly reduced VLA-5 expression on both blood monocytes and U937 cells ( Table 1 ), indicating that structures revealed by fragmentation of FN were necessary for this effect. Exposure to endotoxin also reduced monocyte VLA-5 (Table 1) . But because Limulus assays of the FN120 used in these experiments were negative, it was unlikely that the effects of FN120 resulted from endotoxin contamination. To confirm this, we compared the effects of FN120 and endotoxin on U937 cells, which lack CD14, the LPSbinding protein receptor. Only FN120 decreased U937 VLA-5 expression (Table 1) . Incubation with a peptide (GRGDSP) that contains the RGD sequence found in FN120 (38, 40) also decreased VLA-5 on both blood monocytes and U937 cells, whereas a control peptide (GRGESP) had no effect (data not shown).
Kinetic analyses showed that monocyte VLA-5 decreased significantly within 5-15 minutes after addition of 2 µM FN120 to whole blood at 37°C (Figure 5c ). The decrease in VLA-5 caused by FN120 could be demonstrated with any of 4 anti-VLA-5 mAb's: clones P1D6, CLB-705, 16, and SAM-1. The fluorescence intensity for VLA-5, as measured with SAM-1, CLB-705, and P1D6, declined 35-40%, whereas fluorescence intensity measured by the rat mAb, clone 16, declined by 80% after addition of FN120.
Quantitative flow cytometric analyses showed that within 2 hours after the addition of 2 µM FN120 to whole blood, the number of VLA-5 binding sites available to the SAM-1 mAb fell from 12,001 ± 321 to 9,376 ± 199 per monocyte (mean ± SEM) (P = 0.002, ANOVA). Under the same conditions, SAM-1 binding sites on U937 cells decreased from 68,247 ± 300 to 58,886 ± 1,573 (P = 0.004, ANOVA).
FN fragments produced by infarcted myocardium also decrease monocyte VLA-5 expression. To examine the effects of FN fragments generated in the course of ischemiareperfusion injury on monocyte VLA-5, we incubated 10 5 U937 cells at 37°C for 2 hours with 50 µL undiluted postreperfusion cardiac lymph from dogs with myocardial infarctions. This treatment caused monocyte VLA-5 mean fluorescence intensity to fall from 6.3 ± 0.3 before treatment to 3.2 ± 0.4 after treatment (P = 0.003, Student's t test). When FN and its fragments were removed, the mean fluorescence intensity for VLA-5 in
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The lymph-treated samples was 7.1 ± 0.7, a value not significantly different from controls. On the other hand, sham-immunoadsorbed lymph that retained a full complement of FN fragments reduced the VLA-5 expression to 3.1 ± 0.9 (P = 0.01). Similarly, treatment with FNdepleted lymph decreased monocyte VLA-5 expression in whole blood by 13%, whereas sham-immunoadsorbed lymph reduced monocyte VLA-5 by 34%. Effect of FN120 on other monocyte cell-surface molecules. Among the β 1 integrins, only VLA-5 was significantly affected by treatment with FN120 (Table 2) . Cell-surface molecules other than the β 1 integrins became more abundant. For example, mean fluorescence intensities for CD11b and CD14 rose, respectively, from 11.3 ± 0.26 and 6.59 ± 0.39 before treatment to 22.0 ± 1.78 and 11.8 ± 0.9 after treatment (P < 0.01, ANOVA, 3 donors).
Evidence that FN120 induces proteolysis of cell-surface VLA-5. We postulated that FN120 blocks VLA-5 antibody binding sites. But when we found no loss of VLA-5 from cells treated at 4°C with FN120, this explanation became unlikely (data not shown). To investigate whether metabolism was necessary for the FN120 effect, monocytes were incubated with 2-deoxyglucose and sodium azide, along with FN120, at 37°C. These agents abolished the effect of FN120 on monocyte VLA-5 expression: mean VLA-5 fluorescence intensity before FN120 treatment was 5.7 ± 0.1, and afterwards it was 4.9 ± 0.2 (P < 0.01). FN120, together with 0.1% azide and 5 mM 2-deoxyglucose, produced a mean fluorescence intensity of 5.6 ± 0.4, a value not different from untreated controls.
To investigate the possibility that FN120 initiates hydrolysis of VLA-5, we added PMSF (which blocks serine proteases), CdCl 2 and bestatin (which block leucine aminopeptidases), 1,10-phenanthroline (which blocks arylamidases and aminopeptidases), and EGTA (which blocks metalloproteases) to whole blood before adding FN120 (Table 3) . Among these, only PMSF blocked the FN120 effect. Subsequently, we found that aprotinin, another serine protease inhibitor, also prevents FN120-induced loss of VLA-5 (data not shown).
FN120 treatment causes fragmentation of monocyte VLA-5 molecules. We treated 10 7 U937 cells with 5 nmol of FN120 for 5 hours, and then we surface labeled these and an equal number of untreated U937 cells with 125 I. Unbound 125 I was removed and the cells were lysed. Proteins reactive with antibodies to the cytoplasmic domain of the α 5 chain were immunoprecipitated and analyzed by SDS-PAGE (Figure 6a ). Fragments of α 5 were found only in lysates of cells incubated with FN120. We also found that 125 I-labeled U937 cells, treated with FN120 as described above, shed released VLA-5 when placed in serum-free media for 48 hours. Supernatants of these cells contained not only full-length, 150-kDa α 5 , but also α 5 fragments that migrated under reducing conditions at ∼97 kDa, ∼70 kDa, and 45 kDa (Figure 6a, lane 3) .
To evaluate whether this fragmentation of α 5 was related to the lactoperoxidase treatment used in the 125 I surface labeling of the U937 cells, we also analyzed detergent lysates of unlabeled U937 cells, treated or not treated with FN120. Figure 6b shows immunoblots of U937 lysates that were immunoprecipitated with rabbit anti-β 1 (CD29), fractionated by SDS-PAGE, and then probed with anti-α 5 antibodies. Whereas the 150-kDa α 5
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The molecule was dominant, ∼60-kDa and ∼40-kDa α 5 fragments were also found in these immunoprecipitates. Fragments of this size were only faintly evident in immunoprecipitates of cells cultured in the absence of FN120 (Figure 6b, compare lanes 2 and 3) . Differences in the gels or conditions used to fractionate the lysates of the 125 I-tagged and the unlabeled U937 cells may be responsible for some of the differences in the estimated molecular weights of the VLA-5 fragments we identified. Indeed, with shorter exposure times, autoradiographs of the ∼70-kDa, 125 I-labeled α 5 fragment (Figure 6a , lane 2) appeared as a doublet similar to the ∼60-kDa fragment seen in Figure 6b , lane 3.
In supernatants of unlabeled U937 cells (Figure 6c , lane 4), proteins reactive with anti-β 1 antibodies were evident only after treatment with FN120. At more than 200 kDa, these molecules were not fragments. Rather, their size and resistance to reducing agents suggested that they may be the spontaneously forming β 1 homodimers found by others in studies of integrins extracted from smooth muscle cells (41) . Supernatants of FN120-treated U937 cells, on the other hand, contained many α 5 fragments (Figure 6c Although both anti-α 5 and anti-β 1 antibodies reacted with a cluster of proteins ∼60 kDa in size in these immunoblots, it cannot be inferred that these are necessarily the same protein(s). It is more likely that they are distinct α 5 and β 1 fragments with similar electrophoretic mobilities. Alternatively, these may be adducts of α 5 and β 1 fragments. Macrophages reportedly display cellsurface transamidases that, upon activation by FN fragments, cause fibrin and cell membrane components to couple covalently (42) . Conceivably, such enzymes could also couple α 5 and β 1 fragments.
Densitometric measurement of the ∼60-kDa α 5 fragment(s) in cardiac lymph samples (Figure 6d) indicates that proteolysis of VLA-5 molecules on leukocytes migrating into ischemic heart tissue began during the first hour after reperfusion. This process continued throughout the first 24 hours after reperfusion, only decreasing 48 hours after reperfusion.
How does the loss of VLA-5 affect monocyte migration on tissue matrix? Using the matrix interaction assay described in Methods, we counted the monocytes that spontaneously migrated into, and remained within, polymerized collagen pads 4 hours after application of MNLs to the surface of the pad. Significantly more monocytes accumulated in collagen that incorporated 20 µg/mL native FN compared with collagen alone (Table 4 , columns 1 and 2). Pretreatment with 2 µM FN120 reduced the numbers of monocytes that lodged in the FN-collagen pads (Table 4 , compare columns 2 and 4; P < 0.04, 4 experiments). On the other hand, in 3 of 4 experiments, pretreatment with this same concentration of FN120 had no significant effect on the numbers of monocytes that accumulated in collagen by itself (Table 4 , compare columns 1 and 3), nor did FN120 treatment influence the numbers of monocytes that migrated into collagen containing 20 µg/mL laminin. After a 4-hour incubation, we found 5,826 ± 538 untreated vs. 5,525 ± 639 FN120-treated monocytes from 1 donor, and 1,298 ± 161 untreated vs. 1,266 ± 139 FN120-treated monocytes from a second donor in the collagen-laminin matrix. The effect of FN120 on monocyte migration in response to the chemotactic activity of MCP-1 was subtly different. In 1 case, FN120 treatment decreased the numbers of monocytes migrating through collagen alone from 2,997 ± 418 to 1,205 ± 198 (P = 0.017); the numbers of monocytes from this donor migrating through a collagen -FN matrix likewise decreased from 3,818 ± 767 to 1,725 ± 222 after FN120 treatment (P = 0.04). With MNLs from a second donor, we found that FN120 treatment reduced the numbers of monocytes accumulating in collagen alone in response to MCP-1 from 3,186 ± 486 to 656 ± 144 (P = 0.007). With cells from this same donor, FN120 treatment decreased monocyte migration through a collagen-FN matrix from 2,520 ± 797 to 1,312 ± 156 (P = 0.004).
Discussion
FN is a prominent component of cardiac tissue matrix (43) . Previous studies had shown that ischemic injury causes focal release of proteases that break down FN, producing fragments with potentially important signaling properties (21, 22, 44, 45) . For example, Clark et al. (23) showed that nanomolar concentrations of certain cellbinding fragments of FN are chemotactic for monocytes. Thus, in ischemic myocardium, we reasoned that monocytes migrate toward sites where proteases are actively degrading extracellular matrix proteins, and thereby producing FN fragments. On the other hand, micromolar concentrations of these same cell-binding FN fragments, perhaps sufficient to saturate all cell-surface receptors, are reportedly not chemotactic (23) . Therefore, our hypothesis was that high concentrations of FN fragments, as would be found in the epicenter of a myocardial infarction, interfere with monocyte migration.
Data presented here support the idea that cell-binding FN fragments, acting upon the monocyte FN receptor VLA-5, help to regulate monocyte interactions with tissue matrix. However, they act not by saturating or desensitizing VLA-5, but by inducing proteolysis of the α 5 chain of this heterodimeric molecule. Two lines of evidence support this conclusion. First, incubation with purified FN120 or postreperfusion cardiac lymph that is rich in FN fragments reduced the quantity of VLA-5 expressed by monocytoid cells and caused them to release α 5 fragments extracellularly. Second, treating the cells with serine protease inhibitors reduced the ability of FN120 to stimulate monocyte VLA-5 shedding. Because incubation with FN120 induced proteolysis of α 5 even in the absence of plasma, and because the effect of FN120 was blocked by incubating the cells with metabolic inhibitors, it is likely that the protease responsible is an inducible product of the monocyte. Thus, VLA-5 may be among the cell-surface molecules whose expression and physiological function is modulated by endogenous proteases (46) (47) (48) .
Experiments that measured the numbers of monocytes migrating into collagen containing native FN suggested that adhesive interactions between VLA-5 and FN significantly enhance both spontaneous and MCP-1-driven monocyte migration into a model tissue matrix. Treatment with FN120 reduced -but did not abolishmigration into collagen spiked with FN; it also reduced MCP-1-stimulated monocyte migration into polymerized collagen that lacked any additives. Because MCP-1 also stimulates β 2 and β 1 integrin-dependent monocyte adherence to collagen and laminin (49) , it is possible that costimulation with MCP-1 and FN120 influences the expression and/or function of other ligands that are used by monocytes when interacting with FN-deficient extracellular matrices. We found that FN120 did not affect spontaneous monocyte migration into polymerized collagen or collagen that contained 20 µg/mL of laminin. Using a very different matrix interaction assay, Pacifici et al. reported that FN120 stimulates α 2 β 1 -dependent monocyte adherence to denatured collagen (50) . It is possible that interactions with matrix proteins involving neither VLA5 nor FN, including, perhaps, adhesive interactions that depend upon CD49f (VLA-6) (51, 52) or CD36 (53) , enable monocytes to migrate into infarcted myocardium that has been depleted of native FN. Indeed, proteolysis of matrix FN may promote the survival of monocytes that have entered infarcted tissue. Sugahara et al. have reported that VLA-5-mediated adhesion of monocytes to native FN induces apoptosis (54) . A microenvironment that is relatively deficient in FN may therefore allow monocytes to differentiate into the tissue macrophages that are known to orchestrate repair of the damaged myocardium (13, 55, 56) .
Previously, we observed that reperfusion of ischemic injury significantly increased the flow of monocytes through the heart into the cardiac lymph, where, by 5 hours after reperfusion, they are as abundant as neutrophils (11) . In this report, we show that postreperfusion cardiac lymph contains progressively increasing amounts of FN fragments; most notably, they are fragments that induce proteolysis of monocyte cell-surface VLA-5. By the 3 hours after reperfusion, relatively few of the monocytes in the cardiac lymph express VLA-5. A cause-and-effect relationship between the appearance of FN fragments in lymph and the loss of monocyte VLA-5 in vivo was suggested by experiments showing that removal of FN significantly reduced the capacity of the postreperfusion lymph to induce α 5 shedding in vitro. Encounters with FN fragments responsible for the loss of VLA-5 from migrating monocytes may happen in the reperfused myocardium. But our data do not exclude the possibility that shedding of VLA-5 by monocytes that migrate into the lymph occurs only after their encounter with lymph fluids that contain high concentrations of cell-binding FN fragments. It is not clear whether loss of cell-surface VLA-5 influences monocyte migration from the cardiac interstitial space into the cardiac lymphatics.
To fully explain the movement of these cells from the heart into the cardiac lymphatics, it will be necessary to identify not only the mechanisms that enable monocytes to migrate through extracellular matrix, but also those that enable these cells to cross the lymphatic endothelium. Recent studies report that cell-surface display of p-glycoprotein (MDR-1), a protein previously recognized for its ability to mediate transport of molecules from the intracellular compartments of malignant cells (57) , is required for cutaneous T lymphocytes and dendritic cells to migrate into dermal lymphatics. The expression of similar molecules may regulate monocyte transendothelial trafficking in myocardium damaged by ischemiareperfusion injury.
